The binding sites of Hoechst 33258, netropsin and distamycin on three DNA restriction fragments from plasmid pBR32? were compared by footprinting with methidiumpropyl- EDTA-Fe(ll) [ MPE.Fe(lI)]. Hoechst, netropsin and distamycin share common binding sites that are five ± one bo in size and rich in A*T DNA base pairs. The five base pair protection patterns for Hoechst may result from a central three base pair recognition site bound by two bisbenzimidazole NHs forming a bridge on the floor of the minor groove between adjacent adenine N3 and thymine 02 atoms on opposite helix strands. Rvdroohobic interaction of the flanking phenol and N-methylpiperazine rings would afford a steric blockade of one additional base pair on each side.
would seem appropriate to ask by footprinting methods whether Hoechst, netropsin, and distamycin, molecules similar in shape though different in chemical structure, share common binding sites on B-form DNA. Accurate resolution of the binding site sizes may provide insight on the number of hydrophobic, hydrogen bonding, and electrostatic recognition elements for each molecule. We report here a comparison of the binding sites of Hoechst 3325R, netropsin, and distamycin on three 32P end-labeled restriction fragments from plasmid p%R322 by footprinting methods. We use the synthetic DNA cleaving agent, methidiumpropyl-EDTA.Fe(II) (MPF..Fe(II)) which has been shown to resolve binding site sizes more accurately than the enzyme ONase I (18) (19) .
MATERIALS AND METHODS
Reagents and Enzymes. nistamycin A was obtained from Boehringer M-annheim. Hoechst dye 33258 was obtained from Calbiochem. Netropsin was a gift of D. Patel. MUethidiumoropyl-EnTA (M4PE) was synthesized and purified as described by Hertzberg and Dervan (20) (21) . Purities were determined by thin layer chromatography. Concentrations were determined spectroscopically. D)ithiothreitol (DTT) was obtained from Calbiochem. Ferrous ammonium sulfate, Fe(NH4)2(S04)2*6 H20 was obtained from Baker. Restriction endonucleases and the Klenow fragment of DNA polymerase I were obtained from New England Biolabs. Bacterial alkaline phosphatase and T4 kinase were obtained from BRL.
DNA Restriction Fragments. Three restriction fragments from plasmid pBR322 were prepared. Superhelical plasmid pBR322 was first digested with restriction endonuclease B3am HI and labeled at the 3'-end with a-32P dATP and the Klenow fragment of 1DNA polymerase I. A second enzymatic digest with Eco RI yielded the 3' end-labeled 381 bp fragment which was isolated according to the procedures of Maxam-Gilbert (21) . The 5' end-labeled 381 hp fragment was obtained by treatment of Banm HI digested plasmid pBR322 first with bacterial alkaline phosphatase and then with y-32P ATP and T4 kinase prior to restriction with Eco RI. The plasmid pBR322 was labeled at the 5' and 3' end at the Eco RI site, followed by restriction with Rsa I to yield the end-labeled 167 and 517 bp fragments.
Footprinting. The MPE.Fe(II) cleavage reactions were run in a buffer (TN) containing 10 mM Tris, pH 7.4 and 50 mM NaCI. To 4 iL solution containing 2.5 x TN buffer, >600 cpm 32P end-labeled restriction fragment, and 250 vM (base pair) sonicated calf thymus DNA was added 2 viL of the inhibiting compound of the appropriate concentration (see Fig. 2 for final concentrations). This solution was incubated in the dark for 30 min at 370C. Next, 2 pL of a freshly prepared solution containing 12.5 iMU MPE and 25 pM Fe(NJH4)2(S04)2 was added. This was incubated for an additional 15 min at 370C. The cleavage reaction was initiated by the addition of 2 jiL freshly prepared 20 mM dithiothreitol, bringing the total reaction volume to 10 jL. The Fig. 2A) are the buffered intact 381 bp restriction fragment of Y)NA (100 1M in base pair), labeled at the 5' (or 3') end with 32p. Both denatured and renatured bands are seen in these lanes. Control lanes 2 and 11 ( Fig. 2A) Fig. 2A) are the Maxam-Gilbert chemical sequencing G reactions used as markers (22) . Hoechst, netropsin and distamycin were allowed to equilibrate with the 381 bp nNA fragment at ratios of ligand to DNA base pair of 0.06 ( Fig. 2A, lanes 3, 5, 7, 12, 14, 16 ) and 0.03 ( Fig. 2A, lanes 4, 6, 8 (Table I ).
The 167-bp '-ragment (Fco PI-Rsa I). Control lanes I and 10 ( Fig. 21) regions. This is presumably due to lower affinitv of MPF for A-T rich homopolymer tracts. Lanes 9 and iS (Fig. ?13) are the chemical sequencing G reactions used as markers (02). 4oechst, netroDsin, and distamycin were allowed to equilibrate with the 167-bp fragment at a ratio of ligand to DNA base pairs of 0.06 and 0.03 followed by partial cleavage with 4PF.Pe(II) (Fig. 2) . From densitometric analysis, the footprints on 36 bp of the 167 br DNA fragment are shown in Figure 3 . Cleavage with MPE.Fe(lI) reveals two common binding locations five ± one base pairs in size ( Table 1 ).
The 517-bp Fragment (Fco RI-Rsa I). KControl lanes 1 and 10 ( Fig. 2C) (23, 24) . The most striking result visualized on the autoradiograms is that all three molecules bind common locations five ± one base Dairs in size consisting mostlv of A-T rich sequences on the three DNA restriction fragments (Fig. 2) . The variation may simply reflect the inabilitv of MAPF.Fe(II) footprinting to resolve binding site sizes within one base pair. However, one base pair shifts in the maxima of the (1) and is based on the X-ray structure of netropsin (14) . Circles with two dots represent lone pairs of electrons on NJ3 of adenine and 02 of thymine at the edoes of the base pairs on the floor of the minor groove of the DNA helix. Dotted lines are bridged hydrogen bonds to the bisbenzimidazole NH.
cleavage inhibition patterns from MIPE-Fe(II) footprinting can be easily identified from the densitometric traces and are the basis for our assignments here. From affinity cleaving experiments on these same DNA restriction fragments, we know that distamycin has a binding site size of five base pairs (15) (16) (17) . Distamycin binds these five base pair sites with two orientations (15) (16) (17) . A footprint at a discrete location mav be the sum of two orientations protecting that site. If both orientations bind the same base pairs, a minimum binding site size from footorinting will be observed. However, if the two orientations bind different bases within a common location, then the footprint from an MPF.Fe(IT) cleavage experiment should be larger than the minimum binding site size.
Using M4PE.Fe(IT) footprints of distamycin as a guide, we find the maxima of the asymmetric inhibition natterns on opposite D)NA strands are typically separated by one base pair. We assign the Hoechst and netropsin binding site size as five base pairs if the maxima of the asymmetric inhibition patterns are the same as distamycin, and four or six base pairs if the separation of the maxima is one base pair smaller or larger, respectively. (Table I) . Although all binding sites for Hoechst, netroDsin and distamycin are in common locations, not all sites are identical. The sites that are identical for all three molecules are (5'-3') AAATT and AATAA (Table I) . At several locations there are variations of one to two base pairs. For example, on the 167 bp DNA fragment Hoechst, netropsin and distamycin bind (5'-3') GTTTAT, gTTTAT, andl GTTTAt, respectively. On the 517 bp DNA fragment Hoechst, netropsin and distamycin bind (5'-3') ATTTTt, ATTTTt, and aTTTTT, respectively, at one site, and TTTCTta, TTTCTTa, and tTTCTTA, at another (Fig. 3) . Finally, we note that Hoechst, like netropsin and distamycin, will bind A.T rich sequences containing GGC base pairs (Table I) (0,16,17).
Molecular Origin of the Specificity of Hoechst. The MAPF.Fe(TI) footprinting data presented here reveals that Hoechst binds similar locations on DNA as netropsin and distamycin. If the snecificity of these crescent shaped molecules for these common locations on DNA are of similar molecular origin, it mav not be unreasonable to refine the Mikhailov model of Hoechst based on the crystal structure of netropsin bound to DNA (2, 14) . Similar to netronsin and distamycin, we presume that the binding of Hoechst to homopolvmer A.T rich regions involves the displacement of water molecules in the spine of hydration (12, 14) . Like netropsin and distamycin, the electrostatic interaction of the cationic end and the negative potential in the minor groove of DNA undoubtedly contrihute to the binding stabilitv of Hoechst (13) . From inspection of the models, Hoechst has two possible NH recognition elements on the bisbenzimidazoles capable of bridging adjacent adenine N3 or thymine 0? atoms on opposite helix strands in the minor groove of B-DNA. Therefore, based on the crystal structure for netroosin (14) and the n+l rule for 2jjgo-N-rnethylpyrrolecarboxamides (13) (14) (15) , one might expect a binding site size for Hoechst of three base pairs due to bisbenzimidazole recognition alone. However, a binding site size of five ± one base pairs is observed. One possibility is that the Hoechst protection pattern on DN A results from more than one binding mode, such as two orientations that use some but not all common base pairs. The alternative explanation is that a single common central three base pair binding location is utilized by the bisbenzimidazole and in addition, the phenol and N-methyloiperazine rings flanking the bisbenzimidazole add a steric blockade of one base pair on each side of the A-T hydrogen binding site. This would afford overall Drotection from MPE.Fe(II) cleavage of five base pairs (Fig. 4) . Similar to netropsin binding, perhaps Hoechst sits in the center of the minor groove with its four rings twisted noncoplanar, so that each ring is parallel to the walls of the groove to afford a good steric fit in the right-handed helix (Fig. 4) . Why the binding by oligo-N-methylpyrrolecarboxamides and bisbenzimidazole in the minor groove of B-DNA helix is centered at the same locations must be due to the local microenvironment of these particular A.T rich sequences (Table I) . Dickerson has pointed out that the sequence specific recognition of certain A-T rich regions may be the result of hydrophobic interactions in the minor groove and the NH hydrogen bonding elements simoly align the inside edge of the crescent-shaped molecule on the floor of the minor groove of the helix (14) . With regard to the design of synthetic sequence specific DNA binding molecules, a comparison of the Hloechst 33258, netropsin and distamycin structures suggests that flat aromatic rings twisted in a screw sense to match the walls of the DNA helix and oriented on the floor of the helix by one or more bridged hydrogen bonds may be a general feature of B-form D)NA recognition at A.T rich sequences.
